The availability of macroscopic, nearly periodic structures known as eutectics opens a new path for controlling light at wavelength scales determined by the geometrical parameters of these materials and the intrinsic properties of their component phases. Here, we analyze the optical waveguiding properties of eutectic mixtures of alkali halides, formed by close-packed arrangements of aligned cylindrical inclusions. The wavelengths of phonon polaritons in these constituents are conveniently situated in the infrared and are slightly larger than the diameter and separation of the inclusions, typically consisting on single-crystal wires down to submicrometer diameter. We first discuss the gap mode and the guiding properties of metallic cylindrical waveguides in the visible and near-infrared, and in particular we investigate the transition between cylinder touching and non-touching regimes. Then, we demonstrate that these properties can be extended to the mid infrared by means of phonon polaritons. Finally, we analyze the guiding properties of an actual eutectic. For typical eutectic dimensions, we conclude that crosstalk between neighboring cylindrical wires is small, thus providing a promising platform for signal propagation and image analysis in the mid infrared.
Introduction
Optical waveguiding constitutes a pillar stone of photonic devices for light signal processing. In recent years, several strategies have been followed to gain further control over guiding at the nano-and microscales, taking advantage of the growing degree of understanding of plasmons, on which several well-known designs are relying. More precisely, waveguiding has been demonstrated to take place due to hopping of localized plasmons between neighboring particles in linear arrays [1, 2] . Propagating plasmon waveguides have been explored based upon channel and ridge structures patterned on metal surfaces [3, 4] . Hybrid structures consisting of metallodielectric elements have also been proposed [5] . A particularly promising geometry is the nanowire pair, which offers a record level of integrability in three dimensions [6, 7] . Plasmons confined within the gap between two neighboring aligned nanowires can travel over relatively large distances without excessively protruding outside the gap region, thus minimizing the risk of crosstalk with other neighboring structures, which is an issue to be considered when contemplating plasmon waveguides [8] .
A similar strategy can be used for other excitations within the electromagnetic spectrum. For instance, focusing near-field imaging [9] of phonon polaritons has been achieved in SiC at ∼ 10 μm wavelength. At even longer wavelengths, optical phonons in alkali-halide crystals display a dielectric behavior in the mid infrared similar to plasmons in the visible and near infrared (i.e., optical metallic performance, characterized by large negative permittivities and small losses). The origin of these resonances lies in the optical phonons supported by these materials [10] . We thus expect that optical-phonon polaritons can undergo a waveguiding behavior similar to plasmons, which can be advantageous to handle infrared light and contribute to ease the lack of suitable devices in this regime.
In this context, eutectics emerge as ideal systems to fabricate relatively large-scale structures containing repeated patterns with added optical functionalities, and in particular, wirebased eutectics exhibit typical patterns mimicking two-dimensional photonic crystals formed by hexagonal arrangements of aligned wires. Eutectics are structured composites made of two immiscible component phases, which are self-organized into nearly regular patterns when they solidify under controlled growth conditions [11, 12] . Various component materials can be used for eutectic creation, leading to varied geometries with different functionalities. Actually, eutectics solidification has been already proposed as a potential way of manufacturing photonic crystals [13] and metamaterials [14, 15] . Eutectics can be prepared with a controlled precipitate size from micrometers down to tens of nanometers [14] . Interestingly, alkali-halide eutectics can be prepared with wire diameters and separations of only a few microns and containing hundreds of thousands of single crystalline wires aligned into a dielectric matrix [16] . These dimensions are comparable to or smaller than the infrared wavelength of their polaritonic excitations. Therefore, eutectics provide a promising path to the design of extended structures that support waveguiding of optical-phonon polaritons in the infrared regime.
In this paper, we study optical waveguiding in aligned nano-and microwires. Specifically, we investigate gap guided modes in neighboring silver nanowires and the evolution of these modes in separate and overlapping wires near the transition between touching and non-touching regimes. We then show that similar gap modes are indeed trapped by neighboring alkali-halide microwires. The guiding properties of these modes are studied in detail for an actual system consisting of LiF wires embedded in NaCl. Gap modes are found to interact very weakly with other structures far from the gap. The propagation distance depends critically on the separation between neighboring wires. Our study is based upon rigorous solution of the Maxwell equations via two different methods: (1) a two-dimensional version of the boundary element method (BEM) [17, 18] to simulate the local density of optical states (LDOS) and the nearfield intensities; and (2) a multiple-scattering approach to find the total density of states in finite arrangements of non-overlapping wires [19] . We achieve convergence using ∼ 100 parametrization points per wire in BEM and ∼ 10 two-dimensional multipoles per wire in the multiplescattering method. The dielectric functions of the materials considered here are taken from optical data [20] . The translational symmetry of the problem permits studying guided modes as a function of their frequency ω and wave vector parallel to the wires k . An overall dependence of the fields on time t and distance along the wires z as exp(ik z − iωt) is thus understood.
Gap plasmons in silver nanowire pairs
We first consider gap plasmons in silver nanowires. Figure 1 analyzes the evolution of these plasmons with the separation between wires. For the dimensions under consideration and for fixed value of k , we observe a low energy mode in the LDOS at the center of the wire pair. This is the gap plasmon. As the separation is decreased, the mode is increasingly more confined (this conclusion is supported by the spatial distribution of the LDOS for various separations, see Fig. 1(c) ), and it migrates towards lower energy ( Fig. 1(b) ). Such redshits are familiar in the plasmons of particle dimers [21] . Incidentally, these gap plasmons involve monopoles of opposite signs in the wires [6, 22] . Charge neutrality within each wire is then preserved by the periodic oscillation of the modes along z as exp(ik z). When the wires overlap, a mode is observed that is confined within the junction. Interestingly, this mode is rather insensitive to the actual overlap between wires for |d| < 10 nm, in contrast to what is observed in particle dimers [21] . If the degree of overlap is sufficiently large, the junction mode disappears, and the LDOS spectra (Fig. 2(b) ) slowly converge towards the individual wire. The degree of confinement of the junction mode is significant, although it is low compared to the gap mode for similar values of the separation |d| around the touching limit
A more complete picture of gap and junction plasmons is presented in Fig. 3 , which shows dispersion diagrams of the LDOS as a function of k and ω for a wide range of separations from touching (d < 0) to non-touching (d > 0) regimes, with emphasis in the near-touching limit (d = 0). The gap mode is indeed evolving towards the red with decreasing separations between nontouching wires. This behavior is clearly leading to increasing separation from the light cone, which is consistent with the observed larger degree of confinement. For k > k silica outside the light cone of silica, the extension of the mode away from the cylinders is roughly controlled by the wave vector component along the direction perpendicular to the wires, k ⊥ = i k 2 − k 2 silica . The mode decays exponentially along that direction, so its extension is limited to a distance ∼ 1/k ⊥ . Obviously, this distance decreases with increasing k , and thus, the migration of the gap mode away from the light cone as the separation between non-touching wires is reduced is accompanied by larger confinement, in agreement with the LDOS spatial distributions of Fig.  1(c) . For touching wires, the junction mode seems to be rather unaffected by the actual value of the separation d for |d| < 10 nm, thus resulting in nearly identical dispersion diagrams in Fig.  3(i)-3(l) .
Gap phonon polaritons in aligned alkali-halide microwires
Optical-phonon polaritons in akali-halide wire pairs can also produce gap modes, as shown in Fig. 4 . In particular, the polaritonic resonance in KCl leads to a dielectric function with a Lorentzian profile, encompassing a region of negative real part that mimics the optical behavior of metals (Fig. 4(b) ). Rather than gap plasmons, we find gap phonon polaritons. The dispersion diagrams in Fig. 4(c)-4 (e) show a new mode emerging within that metallic region (lower mode in Fig. 4(d) ). At very small separations (see Fig. 4(e) , in which the distance d is less than 1% of the wire diameter), the mode is pushed towards longer wavelengths. However, in contrast to the metal nanowires, this redshift cannot occur indefinitely because the material changes from metallic (negative permittivity) to dielectric (positive permittivity) at ∼ 70 μm wavelength. Additionally, losses take off in that region (see imaginary part of the permittivity), the result of which is a significant broadening of the gap mode at short separations (Fig. 4(e) ).
We consider in Fig. 5 a structure corresponding to a real dielectric composite material consisting of LiF wires embedded in a NaCl matrix [23] . We focus on the phonon polaritons of LiF within the 15 − 45 μm wavelength range. NaCl behaves as a dielectric over this region (see Fig. 5(b) ). As in the KCl wires considered above, the dispersion diagrams for this new structure are showing a gap phonon polariton that builds up when the wires are approached (Fig. 5(d) ). Eventually, this mode is broadened and pushed towards the metal-dielectric transition barrier (∼ 33 μm wavelength) at short separations (Fig. 5(e) ). Incidentally, a guided mode is observed in the spectral region above 50 μm (not shown), basically consisting of a positive-permittivity LiF waveguide surrounded by a negative-permittivity NaCl matrix, which prevents any significant interaction between waveguides.
Finally, we consider an actual eutectic fabricated by mixing a volume fraction of 24% LiF and 76% NaCl. This leads to the formation of nearly aligned LiF circular microwires in a NaCl matrix, as shown in the micrograph of Fig. 6(a) . The local order of the structure is a hexagonal lattice. We analyze the guided modes of this material by considering finite hexagonal arrangements of 1, 7, and 19 microwires of the same diameter and average separation as in the actual eutectic. The resulting dispersion diagrams are shown in Fig. 6 (b)-6(d). Interestingly, there is not much variation in the dispersion relation of the lowest-energy mode in these structures: it has a similar dispersion relation in all three finite arrangements. This indicates that the interaction between wires plays a minor role in the tightly bound lowest-energy mode for this relatively large separation between wires, in agreement with the conclusions extracted from Fig. 5 . However, higher-energy structure is observed in the 7 and 19 wire arrangements in the region close to the light line, where k ⊥ is smaller and confinement is lower (see above), so that the modes extend further beyond the individual wires, reaching out neighboring wires and producing mode mixing and energy splittings.
Conclusions
In summary, we have shown that gap plasmons in silver nanowires and gap phonon polaritons in LiF microwires exhibit a similar behavior in their respective spectral regions (visible and near-infrared for the plasmons and mid-infrared for the phonon polaritons). A gap mode is formed in the region in between two aligned wires, along which the mode can propagate a long distance. The gap plasmon of non-touching wires migrates towards the red as the gap distance is decreased. In contrast, touching wires support a mode near the junction which is relatively insensitive to the degree of overlap. This configures a singular transition from touching to nontouching, which unlike the case of nanoparticles [21] , is not accompanied by a mode becoming physical right at touching (i.e., the gap plasmon is already involving monopoles of opposite signs in the wires, which are possible due to charge conservation along the propagation direction for finite k ; this possibility is obviously unphysical in non-touching finite particles). The alkali-halide eutectics under discussion display very little crosstalk between neighboring LiF microwires, and therefore, they could serve as materials on which to funnel an image, which should be preserved between near and far sides of a eutectic slide cut with its surfaces perpendicular to the wires, similar to the so-called endoscope metamaterials [24] . Finally, let us mention that alkali-halide microwire pairs as those considered here could be actually fabricated by manipulation of single-crystal microrods of alkali halides produced by directional solidification (such as LiF, once the NaCl matrix is etched off). Additionally, bunches of separate single-crystal dielectric microwires can be obtained by removing the matrix in some fibrous eutectic systems [23] . The present analysis is thus calling for an experimental implementation based on these methods.
